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Summary

Atherosclerosis is an autoimmune inflammatory disease involving both innate
and adaptive immune mechanisms. Immune tolerance induction may have
therapeutic potential for the suppression of atherosclerosis. Current interest is
directed towards mucosal tolerance induction, especially nasal tolerance.
Previous studies have shown that heat shock protein 60 (HSP60) is
recognized as an important autoantigen in atherosclerosis, and nasal or oral
HSP60 can induce tolerance and ameliorate atherosclerosis by inducing
China several subsets of regulatory T cells (T\c,) such as latency-associated peptide
(LAP)" and forkhead box transcription factor 3 (FoxP3)"* T\eq However,
little is known regarding the detailed mechanisms of nasal tolerance. Here, we
again investigated the impact of nasal HSP60 on atherosclerosis and the
mechanisms underlying the anti-atherosclerosis responses. We found that
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nasal HSP60 caused a significant 33-6% reduction in plaque size at the aortic
root in the early stages of atherosclerosis (P < 0-001). Notably, a significant
increase in activated CD4"CD25" glycoprotein A repetitions predominant
(GARP)™" Thregs> type 1 Tregs (Tr1 cells), and CD4"CD25 " FoxP3* Thregs as well
as a marked decrease in the numbers of type 1 and 17 T helper cells was
detected in the spleens and cervical lymph nodes of HSP60-treated mice.
Moreover, nasal HSP60 increases the production of transforming growth
factor (TGF)-B and interleukin (IL)-10 and decreases the secretion of IFN-y
and IL-17. Interestingly, the atheroprotective role of nasal HSP60 treatment
was abrogated partly by the neutralization of IL-10. Our findings show that
nasal administration of HSP60 can attenuate atherosclerotic formation by
inducing GARP™ Trego Trl cells and FoxP3™" Trego and that these Tieg
maintain immune homeostasis by secreting IL-10 and TGF-(3.

Accepted for publication 28 September 2015
Correspondence: Department of Cardiology,
Institute of Cardiovascular Disease, Union
Hospital, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan
430022, China.

E-mail: zyc811029@126.com;

maoxiaobouh@126.com

Keywords: nasal tolerance, GARP, atherosclerosis, Regulatory T cells,
inflammation

Introduction ) )
to be expressed specifically on the surface of activated

human T and to play a crucial role in T,; suppression
[7,8]. Importantly, GARP has been identified as a receptor
for latency-associated peptide (LAP), which requires trans-

The forkhead box transcription factor P3 (FoxP3) is partic-
ularly expressed in CD4"CD25™ Tegsr Which are necessary
and sufficient for the active suppression of immune

responses against autoantigens and is essential for T,
development and function [1-3]. However, several lines of
evidence suggest that FoxP3 alone is not able to completely
establish a stable regulatory phenotype, and its status as a
genuine T,., marker has been questioned [4-6]. Recently,
glycoprotein-A  repetitions predominant (GARP or
LRRC32), a transmembrane protein with a large extracellu-
lar domain that contains 20 leucine-rich repeats, was found

forming growth factor (TGF)-B for binding to GARP
[9,10]. Furthermore, a positive feedback loop between
GARP and FoxP3 is present in human Ty [11]. Emerging
experimental evidence suggests that several subsets of T,eqq
including FoxP3* Tregs LAP* Tregs and type 1 Tep (Trl
cells), can inhibit autoimmunity in animal models of
inflammatory and autoimmune diseases [12—14], particu-
larly atherosclerosis [15,16], through the down-regulation
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of activated T cell responses. In a recent study, we found
that the frequency and function of circulating
CD4"CD25"GARP™ Tieqs were down-regulated in patients
with acute coronary syndrome, suggesting that GARP may
promote the protective function of Ty in atherosclerotic
disease [17].

The autoimmune concept of atherosclerosis was first
presented by Wick et al. in 1992, and has since been proven
in a large number of experimental and clinical studies [18];
according to this idea, cells of the innate and adaptive
immune system, especially activated CD4™ T cells, may be
involved in the initiation and progression of atherosclerosis
[19-21]. HSP60, a member of the highly conserved heat
shock protein (HSP) family, can be considered an impor-
tant antigenic determinant of autoantibodies that partici-
pates in several autoimmune diseases, in particular
atherosclerosis [22-24]. Previous studies have shown
enhanced HSP60 expression in human atherosclerotic pla-
ques [25]. Recently, Xu et al. and Zhang et al. reported that
elevated titres of HSP60-specific antibodies can be found in
the serum of patients with atherosclerosis [26,27]. Addi-
tionally, activated CD4" T cells that react specifically to
self-HSP60 peptides have been detected in carotid plaques
of atherosclerosis patients, suggesting that HSP60-reactive
CD4" T cells contribute to the autoimmune reactions in
atherosclerosis [28]. This autoimmune process may be
related to an existing deficit in immunological tolerance
and dampened by activated Ti.g. Accumulating evidence
has shown that mucosal administration of autoantigens
such as HSPs, oxidized low-density lipoprotein (ox-LDL)
and glycoproteins could induce immune tolerance, result-
ing in increased numbers of several subsets of T, and
decreased atherosclerotic plaque area [28-33].

Currently, two principal routes of mucosal tolerance
induction are known: oral and nasal. Several previous stud-
ies have demonstrated that administering low doses of anti-
gens orally induces many types of antigen-specific Tregs
including CD4"CD25*FoxP3™ Tiegss T helper type 3 (Th3)
cells, Trl cells and CD4"LAP™ Tiegs» indicating that oral
tolerance induction is an effective method for treating
autoimmune diseases such as atherosclerotic disease
[15,33,34]. Simultaneously, nasal tolerance induction has
been shown to be as effective as immune tolerance induced
via the oral route in inhibiting autoimmune diseases; fur-
thermore, the nasal route requires substantially lower doses
of antigen than the oral route [35,36]. Recently, we found
that nasal administration of low doses of ox-LDL inhibits
the development of atherosclerosis through a significant
increase in CD4"CD25%FoxP3" and CD4"LAP* Tregsr
which can suppress immune responses due to types 1, 2,
and 17 T helper cells [33]. In addition, our experimental
groups also indicated that CD4"CD25"FoxP3™ and
CD4"LAP™ Tiegs induced by nasal HSP60 may be relevant
to the suppression of atherosclerosis [32]. However, as yet
it remains uncertain whether nasal administration of

Intranasal immunization and early atherosclerosis

HSP60 could induce other subsets of T, such as
CD4"CD25"GARP" T,eg, and Tr1 cells.

In the present study, we again show that nasal adminis-
tration of HSP60 significantly attenuated early atheroscle-
rosis in apolipoprotein E (ApoE)”’~ mice and was
associated with the induction of several types of T, popu-
lations, including CD4"CD25"GARP™ Tregs Tr1 cells and
CD47CD25 "FoxP3 " T,eq, which suppressed T helper type
1 (Thl) and Th17 cell immune responses.

Methods

Animals

Six-week-old male ApoEf/ " mice from a C57BL/6] back-
ground (Jackson Laboratory, Bar Harbor, ME, USA) were
bred and maintained in the Animal Center at Beijing Uni-
versity. The mice were kept in a specific pathogen-free facil-
ity (Tongji Medical College, Wuhan, China) and were given
a western-type diet containing 0-15% cholesterol and 21%
fat. The mice were fed a normal chow diet during nasal
HSP60 or phosphate-buffered saline (PBS) treatment. All
experiments were performed according to the guidelines
for the Care and Use of Laboratory Animals (Science and
Technology Department of Hubei Province, China, 2005).
The protocol was approved by the Animal Care and Use
Committee of Hubei Province.

Experimental groupings

Six- and 16-week-old male mice were nasally administered
15 pl of PBS (pH 7-4) or 3 pg of HSP60 dissolved in 15 pl
PBS by a micropipette once daily for 5 consecutive days
(n= 6 for each group). At 16 and 24 weeks of age, the mice
were killed by cervical dislocation and the atherosclerotic
plaques were evaluated. For the interleukin (IL)-10 block-
ing experiment, 6-week-old mice (n=6) were adminis-
tered 3 pg of HSP60 nasally once daily for 5 consecutive
days. Subsequently, these mice were injected intraperitone-
ally once weekly with 100 pg of neutralizing anti-
interleukin (IL)-10 antibody from 7 to 16 weeks of age
[33,37], after which atherosclerotic plaques were evaluated.
Control mice (n=6) were treated with equal amounts of
rat immunoglobulin (Ig)G.

Reagents and antibodies

Recombinant Helicobacter pylori HSP60 was obtained from
Shanghai Linc-Bio Science Co. Ltd (Shanghai, China).
Anti-CD4-fluorescein isothiocyanate (FITC) monoclonal
antibody  (mAb) (Cat. no.11-0041), anti-CD25-
phycoerythrin (PE) mAb (Cat. no. 12-0251), anti-FoxP3-
allophycocyanin (APC) mAb (Cat. no. 88-8118), anti-
interferon (IFN)-vy-PE mAb (Cat no. 12-7311), anti-IL-4-
PE mADb (Cat. no. 12-7041), anti-IL-17A-PE mAD (Cat. no.
12-7177), anti-CD3 mAb (Cat no. 14-0032), anti-CD28
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mAb (Cat. no. 14-0281), anti-GARP-APC mAb (Cat. no.
17-9891), anti-IgG;-APC mAb (Cat. no. 17-4714) and
anti-IgG,-PE mAD (Cat. no. 12-4714) were purchased from
eBioscience (San Diego, CA, USA). Anti-IL-10RB-APC
mADb (Cat. no. FAB5368A), anti-IFN-yR,-PE mAb (Cat.
no. FAB1026P), anti-IL-10 mAb (Cat. no. MAB417) and
control rat IgG (Cat. no. 6-001-A) were obtained from
R&D Systems (Minneapolis, MN, USA).

Serum total cholesterol levels

After clotting at room temperature, serum was obtained
from experimental and control group mice via centrifuga-
tion at 1200 g for 10 min and stored at —80°C. Total cho-
lesterol levels were measured as described in detail
previously [33].

Atherosclerotic plaque analysis

Mice were killed at 16 and 24 weeks of age, and the
aortic root plaques were assessed. After removal of the
blood residue, the aortas were quickly dissected and
removed from the higher region of the aortic sinus to
the lower region of the left and right iliac artery. In
addition, we retained the heart with the aortic sinus, as
well as spleens and cervical lymph nodes (CLNs), which
were routinely considered the nose-draining lymphatic
nodes [33,38]. For plaque analysis, the hearts with the
aortic root were embedded in optimal cutting tempera-
ture (OCT) compound for frozen tissue sectioning. Six
consecutive cryosections (10-um thickness) with three
aortic valves were obtained from the aortic root of each
mouse and stained with oil red O and haematoxylin for
lipid visualization. All slices were collected on a Leica
CM 1850 Cryostat (Leica Microsystems, Wetzlar, Ger-
many). Plaque area was calculated using Image-Pro Plus
version 6-0 software (Media Cybernetics, Rockville, MD,
USA).

Flow cytometry analysis

At the days 4 and 14 after the final nasal administration,
splenocytes and CLN cells were harvested from HSP60-
treated mice (n=6 for each group). Untreated mice
(n=06) were used as controls. The monocytes were sus-
pended and cultured as described previously [33]. For
GARP induction, the cells (2 X 106/sample) were stimu-
lated with soluble anti-CD3 mAb (1-5 pg/ml) and anti-
CD28 mAD (2 pg/ml) at 37°C with 5% CO, for 24 h, and
the cells were subsequently harvested for staining.

Tregs were analysed as follows: (1) for the detection of
CD4"CD25"GARP™ Tiegs» the cells were stained with anti-
GARP-APC, anti-CD4-FITC and anti-CD25-PE mAb, as
described previously [17]; (2) for the detection of CD4™"
IFN-yR* IL-10R™ Tiegs (Trl), the cells were stained with
anti-IFN-yR1-PE, anti-IL-10RB-APC and anti-CD4-FITC
mAb as described previously [39]; and (3) for the detection

of CD4*CD25%FoxP3™ Tiegsr the cells were stained as
described previously [33].

For the analysis of CD4*IFN-y" (Thl), CD4"IL-4"
(Th2) and CD4"IL-17" (Th17) T cells, the cells were
stimulated with phorbol myristate acetate (PMA, 20 ng/
ml) plus ionomycin (1 pg/ml; Alexis Biochemicals, San
Diego, CA, USA) for 4 h in the presence of 2 pumol/ml
monensin (Alexis Biochemicals). The incubator was set at
37°C under a 5% CO, environment. After 4 h of culture,
the monocytes were collected for staining with anti-CD4-
FITC mAb according to the manufacturer’s instructions.
Fixation and permeabilization were necessary before stain-
ing with anti-IFN-y-PE, anti-IL-4-PE or anti-IL-17-PE
mAb.

Isotype-specific controls were given to enable correct
compensation and to validate antibody specificity. All
stained cells were analysed immediately by flow cytometry
using a fluorescence activated cell sorter (FACS)Calibur
(BD Biosciences), and all data were analysed using the
FlowJo 7:6-1 software program (TreeStar Inc., Ashland,
OR, USA).

Responder T cells and T,., co-culture

On day 14 after the last nasal administration, CD4" T cells
were isolated from pooled splenocytes of HSP60- or PBS-
treated mice using a CD4™ T cell-positive isolation Kit II
(Miltenyi Biotec, Gladbach, Germany). The purified CcDa*
T cells were stained with anti-GARP-APC, anti-CD4-FITC
and anti-CD25-PE mAb for 30 min at 4°C. Responder
T cells  (Tresps CD4"CD25 " GARP™ T cells) and
CD4"CD25"GARP" T, were isolated by FACS. The
purity of the sorted population was>93% using FACS
analysis. The Tiegs and Tieqps Were divided into two groups:
(1) CD4"CD25"GARP " T, (1 X 10* cells/well) were
stimulated with concanavalin A (ConA) in vitro for 72 h,
and the supernatants were collected for detecting the anti-
inflammatory cytokines IL-10 and TGF-B1; (2) purified
CD4"CD25"GARP™ Teqs Were co-cultured with CDh4"
CD25 GARP™ T cells (5 X 10° cells/well) at different
ratios (Tyegs/Tresps ratios: 1 :1, 1:2, 1 :4and 1:8) as
described previously [17]. The inhibitory effects were
measured using an MTT assay. MTT (20 pl of 5 mg/ml)
was added to each well 4 h prior to harvest. The superna-
tant in each well was removed, and 150 pl of DMSO was
added and stirred for 10 min. The absorbance (A) values
were determined at 570 nm on a microplate reader. Dul-
becco’s modified Eagle’s medium (DMEM)-F12 culture
medium was used as blank control in the normal control
group and for zero adjustment of the microplate reader. All
measurements were performed in triplicate. The rate of cell
proliferation was calculated as follows: cell proliferation
rate = (A value in test group — A value in normal control
group)/A value in normal control group X 100%.
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Table 1. Sequences of primers for real-time reverse transcription—
polymerase chain reaction (RT-PCR)

Molecule Sequence (5-3’)

CGGCACAGTCATTGAAAGCCTA
GTTGCTGATGGCCTGATTGTC
TCTCGAATGTACCAGGAGCCATATC
AGCACCTTGGAAGCCCTACAGA

IFN-vy sense
IEN-vy anti-sense
IL-4 sense

IL-4 anti-sense

IL-10 sense GACCAGCTGGACAACATACTGCTAA
IL-10 anti-sense GATAAGGCTTGGCAACCCAAGTAA
IL-17 sense TCTCTGATGCTGTTGCTGCT

IL-17 anti-sense CGTGGAACGGTTGAGGTAGT
TGF-B sense GTGTGGAGCAACATGTGGAACTCTA
TGF-@ anti-sense TTGGTTCAGCCACTGCCGTA

CD25 sense CTGATCCCATGTGCCAGGAA

CD25 anti-sense AGGGCTTTGAATGTGGCATTG
Foxp3 sense CTCATGATAGTGCCTGTGTCCTCAA
Foxp3 anti-sense AGGGCCAGCATAGGTGCAAG

GARP sense ACCTCCACAGCAATGTCCTC

GARP anti-sense TGCTGTTGCAGCTCAAGTCT

VCAM-1 sense
VCAM-1 anti-sense

CCTCACTTGCAGCACTACGGGCT
TTTTCCAATATCCTCAATGACGGG

MCP-1 sense TTCCTCCACCACCATGCAG
MCP-1 anti-sense CCAGCCGGCAACTGTGA
GAPDH sense ACCACAGTCCATGCCATCAC
GAPDH anti-sense TCCACCACCCTGTTGCTGTA

Enzyme-linked immunosorbent assay (ELISA)

At the days 4 and 14 and weeks 8 and 16 after the last
administration, splenocytes were isolated and cultured
with ConA. Untreated or PBS-treated mice were used as
controls. The IFN-y, IL-4, IL-17, TGF-B1 and IL-10 levels
in the supernatants were quantified using ELISA kits (eBio-
science). In addition, as mentioned above, the levels of IL-
10 and TGF-B1 in the CD4"CD25" GARP™ Tyeg culture
supernatant were measured by ELISA. All procedures were
conducted following the manufacturer’s instructions. All
samples were measured in duplicate.

Real-time reverse transcription—polymerase chain
reaction (RT-PCR)

Total RNA from splenocytes and the descending aortas was
prepared using RNAiso Plus (Takara Biotechnology, Shiga,
Japan). cDNA was transcribed from purified RNA using a
RNA PCR kit (Takara Biotechnology). Real-time PCR was
performed as described previously [33]. The primers are
indicated in Table 1.

Statistical analysis

All statistical analyses were performed using spss version
17-0. The results are expressed as the mean * standard
deviation (s.d.). One-way analysis of variance (ANOvA) was
used for multiple comparisons, followed by the Newman—
Keuls test. Differences were considered significant at
P <0-05.
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Fig. 1. Nasal heat shock protein (HSP)60 inhibits atherosclerotic
lesion formation. (a) and (b) representative photomicrographs of oil
red O- and haematoxylin-stained aortic root sections from the
phosphate-buffered saline (PBS)-treated group (n=6) and the
HSP60-treated group (n = 6), respectively. (c) The data from two
groups are shown: the half black regular triangles represent animals
from the PBS-treated group, and the half black inverted triangles
represent animals from the HSP60-treated group. A black bar
represents 200 um. The horizontal bars represent the means.

Results

Nasal HSP60 inhibits early atherosclerosis in
ApoE~’~ mice

To determine the influence of nasal induction of HSP60
tolerance on atherosclerosis initiation, atherosclerosis was
induced after the nasal administration of PBS (group I) or
HSP60 (group II) for 5 consecutive days to ApoE ™'~ mice.
Mice were placed subsequently on a western-type diet for
10 weeks, and then atherosclerotic plaque formation was
analysed in oil red O and haematoxylin-stained cryosec-
tions of the aortic root. Interestingly, the atherosclerotic
plaque size in the aortic root was reduced significantly
(33-6% reduction) in mice treated with HSP60 compared
with PBS-treated mice (272 645-6 + 30 346-6 pm?® versus
410 687.7 + 38 708-4 um®, respectively; P < 0-001; Fig. 1).
In addition, the influence of nasal HSP60 on atherosclero-
sis progression was evaluated. Six-week-old ApoE™'~ mice
were fed a western-type diet for 10 weeks to induce athero-
sclerotic plaque formation in the aortic root. Then, these
mice were administered nasally with PBS (group III) or
HSP60 (group 1V) for 5 consecutive days and subsequently
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Fig. 2. Effects of nasal heat shock protein (HSP)60 on CD4"CD25"GARP™ regulatory T cells (Tiy) in spleens and cervical lymph nodes
(CLNs). Apolipoprotein E (ApoE) ™'~ mice were nasally administered HSP60 for 5 days and were killed 4 and 14 days after the final nasal
treatment. Untreated mice (t=0) were considered controls. For glycoprotein A repetitions predominant (GARP) activation, the cells (2 X 10°/
sample) were stimulated with soluble anti-CD3 monoclonal antibody (mAb) (1-5 pg/ml) and anti-CD28 mAb (2 pg/ml) at 37°C with 5% CO,
for 24 h. (a) CD4" T cell subsets were gated. (b—e) Representative results for isotype controls in spleens and CLNs estimated by fluorescence
activated cell sorter (FACS) analysis. (fi) Representative results for unstimulated and stimulated CD4"CD25"GARP™" Tregs in spleens and CLNs
estimated by FACS analysis. (j,k) The graphs represent the percentage of unstimulated and stimulated CD4"CD25"GARP™ Tregs in spleens and
CLNs. (Lm) The graphs represent the absolute number of unstimulated and stimulated CD4*CD25"GARP" T, in spleens and CLNs. *P <
0-05, **P < 0-01. The data are expressed as the mean = standard error of the mean (s.e.m.) and are representative of at least three independent

experiments.

<

fed a western-type diet for another 7 weeks. At 24 weeks,
the mice were euthanized and atherosclerotic plaques were
calculated. However, only a mild but not statistically signif-
icant reduction was found in group IV compared with
group III (Supporting information, Fig. Slab,d). To
develop an effective approach for inhibiting atherosclerosis
progression, we carried out another animal experiment.
On the basis of group IV, mice were treated nasally with
3 pg of HSP60 (group V) once weekly from 18 to 24 weeks
and then euthanized. Unfortunately, only a trend of an
11-3% decrease in atherosclerotic plaque size was found
in group V compared with group III, and no significant
differences were observed (Supporting information,
Fig.S1c,b,d). As expected, nasal HSP60 did not change
body weight or total serum cholesterol levels significantly,
in agreement with our previous findings (Supporting infor-
mation, Table S1) [32,33].

Nasal HSP60 induces CD4"CD25 " GARP " Ty
in spleens and CLNs

We investigated whether nasal HSP60 atheroprotection was
dependent on the induction of CD4"CD25"GARP ™" Ty,
which were detected on days 4 and 14 after the final nasal
treatment, consistent with our previous studies [32,33]. As
shown in Fig. 2, we found that the frequency of
CD4"CD25"GARP" T, present in untreated mice was
0-77 = 0-12% in spleens and 1-07 = 0-14% in CLNs. Sur-
prisingly, the frequency of CD4"CD25"GARP™ Tregs
increased markedly to 1-37 =0-14% in the spleens and
2:90 = 0-32% in the CLNs of HSP60-treated mice on day 4
and to 2-28 = 0.20% in spleens and 2-07 = 0-22% in CLNs
on day 14 when compared with untreated mice (Fig.
2f,h,j,k; all P<0-05). Furthermore, absolute numbers of
CD4"CD25"GARP™ Tiegs Were also increased in the
spleens and CLNs of HSP60-treated mice (Fig. 2l, all
P <0-05). Increasing evidence has implicated GARP as a
specific marker of activated Ticgs [8—10]. Therefore, we next
measured the frequency of activated CD4"CD25"GARP™"
Tiegs after 24 h of T cell receptor (TCR) stimulation with
anti-CD3 mAb and anti-CD28 mAb, which were used to
activate immunocytes because of its high specificity and
properties of physiological stimulation. Our data showed
that the frequency of activated CD4"CD25"GARP™ Tregs

was significantly higher than observed under resting
conditions in all the groups examined. Interestingly, there
was a significant increase in the frequency of activated
CD47CD25"GARP™ Tiegs in the spleens and CLNs of
HSP60-treated mice on day 4 (HSP60-treated mice versus
untreated mice; 6-08 £0-54% versus 4-01 =0-38% in
spleens, P<0-05; 13-37 £1:39% versus 5-90 = 0-40% in
CLNs, P <0-05; Fig. 2g, i—k) and day 14 compared with
untreated mice (HSP60-treated mice versus untreated mice;
9-74 = 0-92% wversus 4-01 £0-38% in spleens, P < 0-05;
8:89 = 0-97% versus 5-90 = 0-40% in CLNs, P < 0-05; Fig.
2g, i-k).

Furthermore, we also investigated whether nasal HSP60
affects the  suppressive function of activated
CD4"CD25"GARP* Tiegs- Our data indicated that the
suppressive function of activated CD4"CD25"GARP™
Tiegs Was not remarkably altered by nasal HSP60 using in-
vitro suppression assays (Supporting information, Fig. S2).
In addition, we examined anti-inflammatory cytokine
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0.
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Fig. 3. Effects of nasal heat shock protein (HSP)60 on transforming
growth factor (TGF)-B and interleukin (IL)-10 production in
CD4"CD25™ glycoprotein A repetitions predominant (GARP)*
regulatory T cells (Tiegs)- CD4"CD25"GARP* Tiegs isolated from
spleens on the day 14 after the final nasal HSP60 and phosphate-
buffered saline (PBS) treatments were stimulated with concanavalin
A (ConA) in vitro for 72 h. TGF-B and IL-10 production was
detected in the supernatants. **P < 0-01. The data are expressed as
the mean = standard error of the mean (s.e.m.) and are
representative of at least three independent experiments.
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Fig. 4. Effects of nasal heat shock protein (HSP)60 on CD4 " interleukin (IL)—10R *interferon (IFN)-yR™ regulatory T cells (Tieys) (Trl) in
spleens and cervical lymph nodes (CLNs). Apolipoprotein E (ApoE) '~ mice were administered nasally HSP60 for 5 days and were killed 4 and

14 days after the final nasal treatment. Untreated mice (#= 0) were considered controls. (a) CD4™ T cell subsets were gated. (b—e) Representative

results for isotype controls in spleens and CLNs estimated by fluorescence activated cell sorter (FACS) analysis. (f,g) Representative results for

type 1 Tregs (Tr1) cells in spleens and CLNs estimated by fluorescence activated cell sorter (FACS) analysis. (h) The graphs represent the

percentage of Trl cells in spleens and CLNs. (i) The graphs represent the absolute number of Trl cells in spleens and CLNs. **P < 0-01. The data

are expressed as the mean * standard error of the mean (s.e.m.) and are representative of at least three independent experiments.

<

PBS-treated mice (147-7 = 10-4 pg/ml versus 83-1 + 10-4
pg/ml, P<0-01; Fig. 3). Nevertheless, the levels of IL-10
were similar in the supernatants of CD4"CD25"GARP™
Tiegs between HSP60-treated and PBS-treated mice (Fig. 3).

Nasal HSP60 induces Trl and CD4" CD25 " FoxP3™
Thegs in spleens and CLNs

Next, we evaluated the effect of nasal induction of HSP60
tolerance on Trl and CD4*CD25"FoxP3* Tiegs: When
compared with untreated mice (0-48 = 0-05% in spleens,
0-88 = 0-09% in CLNs; Fig. 4d), the frequency of Trl cells
was up-regulated significantly to 1-02*0-16% and
2-01 £0-17% in spleens (all P<0-01; Fig. 4fh) and
2-48 £0-20% and 1-55 * 0-14% in CLNs (all P < 0-01; Fig.
4g,h) on days 4 and 14 after the final nasal treatment,
respectively. Interestingly, absolute numbers of Trl cells
were also up-regulated in the spleens and CLNs of HSP60-
treated mice, respectively (Fig. 4i, all P<0-01).
Similar to our previous report [32,33], we also found a sig-
nificant increase in the frequency and number of
CD4"CD25 FoxP3™ Tiegs in the spleens and CLNs of
HSP60-treated mice on days 4 and 14 compared to
untreated mice, respectively (data not shown).

Nasal HSP60 suppresses Thl and Th17 cells
in spleens and CLNs

Furthermore, we examined whether nasal HSP60 affected
Th1, Th2 and Th17 cells in spleens and CLNs. We observed
a significant reduction in the frequency of Th1 cells in the
spleens and CLNs of HSP60-treated mice on days 4 and 14
compared with untreated mice (untreated mice versus
HSP60-treated mice on day 4 and versus HSP60-treated
mice on day 14; 14-4 * 1-13% versus 10-9 = 1-02% and ver-
sus 811 £0-74% in spleens, respectively, all P <0-001;
13-5 % 1-05% versus 8-56 = 0-64% and versus 9-91 = 0-76%
in CLNs, respectively, all P<0-01; Fig. 5eh; Fig. 6eh).
Meanwhile, we also found that the frequency of Th17 cells
in the spleens and CLNs of HSP60-treated mice on days 4
and 14 was lower than in those of untreated mice
(untreated mice versus HSP60-treated mice on day 4 and
versus HSP60-treated mice on day 14; 1-68 = 0-13% versus
1-1+£0:09% and versus 0-67 = 0-08% in spleens, respec-
tively, all P<0-001; 1-36 = 0-09% versus 0-69 = 0-09% and
versus 0-89 = 0-08% in CLNs, respectively, all P<0-001;
Fig. 5gh, Fig. 6g,h). Additionally, our data showed that
absolute numbers of Thl and Th17 were decreased in the

spleens and CLNs of HSP60-treated mice, respectively (Fig.
5i, Fig. 6i; all P < 0-01). Unexpectedly, there were no signifi-
cant differences in the frequency and number of Th2 cells in
spleens and CLNs of HSP60-treated mice on days 4 and 14
compared with untreated mice (Fig. 5fh,i, Fig. 6g—i).

Nasal HSP60 increases TGF-3 and IL-10 secretion
and decreases IFN-y and IL-17 production in

splenocytes

To determine the effect of the various T,es induced by nasal
HSP60 on the cytokine production profile from lympho-
cytes, we examined the cytokine levels in the supernatants
of ConA-stimulated splenocytes on days 4 and 14 after the
final nasal treatment using ELISA. There was a significant
increase in TGF-f levels and an obvious decrease in the lev-
els of IFN-y and IL-17 in HSP60-treated mice on days 4
and 14 compared with untreated mice, respectively (Table
2, all P<0-001). Intriguingly, when compared with
untreated mice, a marked up-regulation in IL-10 produc-
tion was observed in HSP60-treated mice on day 14 (Table
2, P<0-05), but not on day 4. Moreover, we also examined
cytokine production by splenocytes at 16 and 24 weeks,
and a significant increase in TGF-$ and IL-10 levels and a
marked decrease in IFN-vy and IL-17 production was found
in group II compared with group I (Table 2, all P <0-05).
However, there were no significant differences in the levels
of TGF-B, IL-10, IFN-y and IL-17 between group III and
groups IV or V (Table 2). Unfortunately, the levels of IL-4
were below the threshold of detection of the assay in all
experiments.

Next, we determined the levels of cytokine mRNA
expression by unstimulated splenocytes using real-time
RT-PCR. Interestingly, a marked decrease in IFN-vy and IL-
17 mRNA levels in HSP60-treated mice on days 4 (Fig. 7a,
P<0-05) and 14 (Fig. 7a, P < 0-01) were found than in
untreated mice. Of note, there was a significant increase in
TGF-B and IL-10 mRNA levels on day 14 and in mRNA
TGF- levels on day 4; however, the IL-4 mRNA levels were
unchanged. Similarly, we observed increased TGF-B and
IL-10 mRNA levels and decreased IFN-vy and IL-17 mRNA
levels in group II compared with group I (Fig. 7b, all
P<0-05). However, no differences were noticed in IL-4
mRNA levels between groups I and II. Additionally, up-
regulated TGF-B mRNA levels were observed in groups IV
and V compared with group III (Fig. 7c, P<0-05).
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Fig. 5. Effects of nasal heat shock protein (HSP)60 on T helper type 1 (Th1), Th2 and Th17 cells in spleens. Apolipoprotein E (ApoE) /™ mice
were administered HSP60 nasally for 5 days and were killed 4 and 14 days after the final nasal treatment. Untreated mice (= 0) were considered
controls. (a) CD4" T cell subsets were gated. (b,d) Representative results for isotype controls in spleens estimated by fluorescence activated cell
sorter (FACS) analysis. (e—g) Representative results for Thl cells, Th2 cells and Th17 cells, respectively, in spleens estimated by FACS analysis. (h)

The graphs represent the percentage of Thl, Th2 and Th17 cells in spleens, respectively. (i) The graphs represent the absolute number of Thl,
Th2 and Th17 cells in spleens, respectively. *P < 0-05, **P < 0-01, and ™*P> 0-05. The data are expressed as the mean * standard error of the
mean (s.e.m.) and are representative of at least three independent experiments.

<

Unexpectedly, IFN-vy, IL-4, IL-17, and IL-10 mRNA levels
did not differ among groups III, IVand V.

The mRNA expression of T,., markers and
inflammatory markers in atherosclerotic lesions

To reveal whether nasal HSP60 affects the accumulation of
Tiegs and inflammatory cells in atherosclerotic lesions, we
performed real-time RT-PCR analysis of TGF-8, CD25,
FoxP3, IFN-vy, GARP and the adhesion molecules vascular
cell adhesion protein 1 (VCAM-1) and monocyte chemo-
tactic protein 1 (MCP-1) in thoracic aortas. Our data
showed that TGF-B and FoxP3 mRNA expression were
increased markedly, and the expression of IFN-y, VCAM-1
and MCP-1 mRNA was reduced significantly in athero-
sclerotic lesions in group II compared with group I (Fig.
8a, all P<0-05). Unexpectedly, CD25 and GARP mRNA
expression was similar in groups I and II. Notably, TGF-
and FoxP3 mRNA expression were increased markedly in
group V compared with group III (Fig. 8b, P<0-05). In
accordance with expectation, the expression levels of TGF-
B and FoxP3 mRNA were unchanged in group IV com-
pared with group III (Fig. 8b). Additionally, we found that
the mRNA expression levels of the other cytokines did not
differ significantly among groups III, IV and V (Fig. 8b).

Neutralizing anti-IL-10 antibody partly blocks
the atheroprotective effect of nasal HSP60

Our finding showed that nasal HSP60 increased TGF-
and IL-10 production significantly. Our previous study
found that a neutralizing anti-TGF-B-antibody increased
atherosclerotic lesion formation significantly in HSP60-
treated mice, suggesting that the atheroprotective effect of
nasal HSP60 is partly dependent upon TGF- [32]. How-
ever, whether IL-10 participates directly in inhibiting lesion
formation following nasal HSP60 treatment remains uncer-
tain. Therefore, an in-vivo IL-10 neutralization study was
carried out using an anti-IL-10 antibody. As mentioned
above, HSP60 was administered nasally to 6-week-old mice
before the injection of neutralizing anti-IL-10-antibody
(group VI) or control rat IgG (group VII). Our data
revealed a significant increase (24-8%) in atherosclerotic
lesion formation in group VI compared with group VII
(Fig. 95 353 437-2 £33 609-9 umz versus 265 816-4 = 26
705-3 um? P=0-003), indicating that inhibiting IL-10
markedly increased atherosclerotic plaque formation.

Discussion

Emerging clinical and experimental facts have demon-
strated that HSP60 plays an important role in atherosclero-
sis initiation and progression. Elevated plasma levels of
soluble HSP60 and anti-HSP60 autoantibodies have been
found in atherosclerotic patients and experimental athero-
sclerotic mice [26,27,40]. Autologous HSP60 can induce
the generation of autoreactive HSP60-specific T cells and
anti-HSP60 autoantibodies in ApoE~’~ or LDLr /™ mice
[41]. Furthermore, anti-HSP60 autoantibodies contribute
to the development of atherosclerosis by accelerating endo-
thelial damage and macrophage lysis [42,43]. In addition,
HSP60-specific T cells have been observed in human
atherosclerotic plaques and in atherosclerotic lesions in
ApoE™'~ mice, suggesting that HSP60-specific T cells are
associated with early atherosclerotic events and terminating
the HSP60-specific autoimmune response is known to be
protective in atherosclerosis [28,44,45].

Previous studies have demonstrated clearly that the
mucosal administration of autoantigens can be used to
induce peripheral antigen-specific immune tolerance and
to down-regulate antigen-specific T cells, eventually inhibi-
ting excessive immune responses and helping to maintain
self-tolerance to prevent autoimmune diseases [29-33,36].
Activated CD4™ T cells that are reactive to several antigens,
including HSP60 and ox-LDL, mainly secrete a Thl-
pattern of cytokines in atherosclerotic lesions, leading to an
imbalance between Thl and the T, specific for self- and
non-self-antigens [46]. Restoring the balance between Thl
cells and T, may be effective in ameliorating atherosclero-
sis, suggesting that T,eg play a crucial role in controlling
the initiation and progression of atherosclerosis [47]. Sub-
stantial studies have shown that HSP60 delivered via the
oral and nasal route can induce immune tolerance success-
fully and increase the number of T,eg, which inhibit effec-
tor T cell responses by producing anti-inflammatory
cytokines and attenuate the development of atherosclerosis
[29,32]. The experimental results from our laboratory have
revealed that the adoptive transfer of HSP60-specific Tiegs
to recombination-activating gene (RAG) ™'~ low-density
lipoprotein receptor (LDLr) '~
development of atherosclerosis [48]. Consequently, the

mice can prevent the

above research suggested that the induction of mucosal tol-
erance and the subsequent activation of T, may be a
novel and promising treatment approach for attenuating
atherosclerosis.
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Fig. 6. Effects of nasal heat shock protein (HSP)60 on T helper type 1 (Thl), Th2 and Th17 cells in cervical lymph nodes (CLNs).
Apolipoprotein E (ApoE) ™ mice were administered HSP60 nasally for 5 days and were killed 4 and 14 days after the final nasal treatment.

Untreated mice (= 0) were considered controls. (a) CD4" T cell subsets were gated. (b—d) Representative results for isotype controls in spleens

estimated by fluorescence activated cell sorter (FACS) analysis. (e,g) Representative results for Thl cells, Th2 cells and Th17 cells, respectively, in
CLNs estimated by FACS analysis. (h), The graphs represent the percentage of Thl, Th2 and Th17 cells in CLNS, respectively. (i), The graphs
represent the absolute number of Th1, Th2 and Th17 cells in CLNs, respectively. *P < 0-05, **P < 0-01 and ™*P > 0-05. The data are expressed as
the mean = standard error of the mean (s.e.m.) and are representative of at least three independent experiments.

<

In the present study, we again found that nasal tolerance
induction to a low dose of HSP60 suppressed early athero-
sclerosis significantly. This result is in line with previous
studies from our laboratory and others, showing that nasal
or oral tolerance induction to HSP60/65, 32-glycoprotein I
and ox-LDL can reduce early atherosclerotic lesion forma-
tion [29-34,49]. In addition, this result is also supported
by several lines of clinical observations, which indicate a
more prominent role of HSP60-specific cellular immunity
in the early stages of atherosclerosis [45,50]. However, our
results are in agreement with studies showing that mucosal
tolerance to self-antigens is not expected to inhibit
advanced atherosclerosis [29,31]. Hence, we attempted to
perform another experiment in group V, as mentioned
above. Disappointingly, our data showed that the enhanced
immunization once weekly led to only a mild but not sig-
nificant reduction in lesion size during the progression of
atherosclerosis. Nevertheless, our previous study demon-
strated that an appropriate enhanced immune response to
ox-LDL can contribute to attenuating atherosclerosis pro-
gression [33]. This discrepancy may be explained by the
different types of antigens used in the above two studies.
Therefore, further studies are required to identify a more
effective method for reducing atherosclerosis progression
via nasal HSP60.

It is well known that natural CD4"CD25" FoxP3™" Tregs
which are the main population of T,., subsets, exert sup-
pressive effects in atherogenesis in mice [29,30,47]. In addi-
tion to naturally occurring T,.e, however, recent reports
have shown that other types of T, including Trl, Th3
and CD4"LAP' T cells, may be responsible for anti-
atherosclerotic effects through the production of anti-
inflammatory cytokines such as IL-10 and TGF-$3 [32-34].
Recently, GARP regulates the bioavailability and activation
of TGF-B by binding to LAP on the cell surface [9,10,51].
Importantly, Wang et al. have demonstrated that a V36 and
a VP8 integrins are favoured to activate TGF- from the
GARP-proTGF-B1 complex, and cell-surface GARP con-
tributed to this activation, suggesting that the GARP-
proTGF-B1 complex could serve as a source of activated
TGF-B1 [52]. Kalathil et al. has demonstrated recently that
the number of GARP "FoxP3" T, was increased signifi-
cantly in patients with advanced hepatocellular carcinoma,
and GARP expression was utilized to identify antigen-
specific Tyeg with high suppressive potential [53]. More-
over, our clinical investigations have shown that the fre-

quency and function of GARP™ Tiegs Were impaired in
patients with acute coronary syndrome (ACS) [17,54,55].
These clinical findings suggested that GARP™ Tieqs may be
involved in immune modulation of autoimmune and
inflammatory diseases by producing immunosuppressive
cytokines such as TGF-B. In the present study, our findings
showed that nasal HSP60 increased the number of
CD4"CD25"GARP" T, significantly, in particular acti-
vated CD4"CD25"GARP* Tiegs in spleens and CLNs on 4
days after nasal HSP60 treatment. More importantly, the
influence lasted for at least 14 days. Although the suppres-
sive function of CD4"CD25"GARP™ Tiegs remained
unchanged nasal HSP60 led to a significant increase in
TGEF-B, which was secreted by CD4"CD25"GARP™ Tregs
in the spleens. This result is also supported by our clinical
observations, which indicated that the TGF-B1 levels in the
supernatants of cultured GARP™ Tregs were reduced in ACS
patients [17]. Similarly, we found a significant up-
regulation of CD4"CD25  FoxP3™ Tiegs in the spleens and
CLNs of HSP60-treated mice. To the best of our knowl-
edge, this is the first report demonstrating a possible role
for CD4"CD25"GARP " T, in the development of ather-
osclerosis in mice; however, further studies are required to
offer more direct experimental support for the association
between increased CD4"CD25"GARP™ Tiegs Number or
function and decreased atherosclerosis. In addition,
whether or not CD4*CD25"GARP™ Tiegs Can represent a
new regulatory CD4" T cell phenotype that differs from
other T,, subtypes remains to be investigated.

Several studies have indicated that IL-10-secreting Trl
cells have immunosuppressive properties, and these cells
have been shown to play key roles in the development of
Thl-mediated autoimmune diseases [56,57]. A decreased
frequency of IL-10-producing Tr1 cells was observed in the
inflamed synovium and peripheral blood of patients with
rheumatoid arthritis, suggesting that a deficiency in Trl
cells may play an important role in the loss of self-tolerance
in autoimmune diseases [14,58]. Recently, Mallet et al.
showed that adoptive transfer of Tr1 cells to ApoE ™/~ mice
suppressed pathogenic Thl-mediated responses and
reduced the development of atherosclerosis [16]. Interest-
ingly, several studies have demonstrated that oral adminis-
tration of self-antigens induces Trl cells that can inhibit
multiple sclerosis and diabetes in animal models [59].
However, whether nasal administration of autoantigens can
induce Trl cells is not entirely clear. In the current study,
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Table 2. Cytokine production by concanavalin (ConA)-stimulated splenocytes

Days after treatment

8 weeks 16 weeks

0 day 4 day 14 day Group I Group 1I Group IIT Group IV Group V

(n=28) (n=6) n=7) (n=26) (n=6) (n=6) (n=26) (n=106)
TGE-B, 207-5 %1195 380-3 £27.9* 448-3 = 32.2* 192-8 = 18-2 307-6 = 26-1F 174-6 = 16-4 187-1 =19 203-1 =197
IL-10 45-1 £11.7 51 *+10-9 656 £ 11-3% 57-8+9-9 81-1 £13-5§ 737 £ 131 792+ 16:1 85-1*+129
IFN-vy 288-1 =199 267-5+18-9* 2515+ 17-8* 318:5*+24-1 203-2 = 19-4F 371-8 =362 382-5* 352 3532 +23-3
IL-4 0 0 0 0 0 0 0 0
IL-17 29-6 = 2-6 25-8 £ 1-7% 209 = 1-6* 41-6 X 64 30-1 £4.7§ 453 £8-6 432+ 67 39-6 £74

*P < 0-001 versus untreated mice; TP<0-001 versus group I; *P<0-05 versus untreated mice; SP<0-05 versus Group L. The data are expressed as
the mean = standard error of the mean (s.e.m.) and are representative of at least three independent experiments. Effects of nasal heat shock pro-
tein (HSP)60 on cytokine production in splenocytes. Apolipoprotein E (ApoE) ™'~
HSP60 nasally for 5 days; untreated or PBS-treated mice were considered controls. Splenocytes collected from mice that were killed 4 and 14
days after the final nasal treatment, and at 16 and 24 weeks of age were stimulated with ConA in vitro for 72 h. Interferon (IFN)-vy, interleukin

mice were administered phosphate-buffered saline (PBS) or

(IL)-4, IL-17, transforming growth factor (TGF)-f and IL-10 production in the supernatants was measured by enzyme-linked immunosorbent

assay (ELISA).

we demonstrated that nasal administration of HSP60 can
induce a marked increase in Trl cells in spleens and CLNs.
This result is consistent with a study by Kilngenberg et al.,
who reported that intranasal immunization with ApoB-100
attenuated atherosclerotic plaque formation by inducing
an increased number of IL-10-producing Trl cells [34]. As
the same time, we also found a significant decrease in Thl
and Th17 cells in the spleens and CLNs of HSP60-treated
mice. These results demonstrated that nasal HSP60 can
induce a shift from T helper cells towards T,eg in spleens
and CLNs.

A substantial body of evidence indicates that TGF-3 and
IL-10 suppress autoimmune and inflammatory diseases,
and IFN-vy and IL-17 are detrimental to many immunoin-
flammatory diseases [16,61,62]. TGF-f maintains the sup-

pressor function of T and inhibits the proliferation,
activation and differentiation of CD4™ T cells towards Th1,
Th2, and Th17 in the periphery [63]. Previous studies have
demonstrated that TGF-B or IL-10 deficiency increases
atherosclerotic lesion formation in ApoE_/ " mice [64,65].
In this study, our data showed that nasal HSP60 increases
TGEF-B and IL-10 production and decreases the secretion of
IFN-vy and IL-17 in splenocytes. Simultaneously, we also
observed a significant up-regulation of TGF-B and IL-10
mRNA levels and a marked down-regulation of IFN-vy and
IL-17 mRNA levels in splenocytes in HSP60-treated mice.
In addition, increased TGF-$3 and FoxP3 mRNA expression
and decreased IFN-y, VCAM-1 and MCP-1 mRNA expres-
sion were found in early lesions in HSP60-treated mice.
Quite serendipitously, we did not observe a significant
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Fig. 7. Effects of nasal heat shock protein (HSP)60 on the relative expression of cytokine mRNA in splenocytes. Apolipoprotein E (ApoE) /'~
mice were administered phosphate-buffered saline (PBS) or HSP60 nasally for 5 days; untreated or PBS-treated mice were considered controls.
(a—c) Relative cytokine mRNA levels of interferon (IFN)-v, interleukin (IL)-4, IL-17, transforming growth factor (TGF)-f and IL-10 in
unstimulated splenocytes collected from mice that were killed 4 and 14 days after the final nasal treatment, and at 16 and 24 weeks of age were

measured by real-time reverse transcription—polymerase chain reaction (RT-PCR). Fold change relative to PBS-treated mice is shown. *P < 0-05,

**P<0-01. The data are expressed as the mean * standard error of the mean (s.e.m.) and are representative of at least three independent

experiments.
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Fig. 8. Effects of nasal heat shock protein (HSP)60 on the relative mRNA expression of regulatory T cell markers and inflammatory markers in
atherosclerotic plaques. (a,b) Total RNA was extracted from the aortas of 16- and 24-week-old phosphate-buffered saline (PBS)- or HSP60-
treated mice. mRNA expression of regulatory T cell markers [transforming growth factor (TGF)-B, CD25, forkhead box transcription factor

(FoxP3) and glycoprotein A repetitions predominant (GARP)] and inflammatory markers interferon (IFN)-y, monocyte chemotactic protein

(MCP)-1, vascular cell adhesion molecule (VCAM)-1 was determined quantitatively by real-time reverse transcription—polymerase chain reaction
(RT-PCR). Fold-change relative to PBS-treated mice is shown. *P < 0-05, **P < 0-01. The data are expressed as the mean * standard error of the
mean (s.e.m.) and are representative of at least three independent experiments.

increase in GARP mRNA expression in lesions in HSP60-
treated mice, possibly because there are other latent TGF-
B-binding proteins in the plaques. Although IL-4 levels
were unchanged in all groups, the differential effects of
other inflammatory cytokines that were implicated previ-
ously in atherogenesis were again confirmed.

We and others have demonstrated previously that neu-
tralizing anti-TGF-B antibodies reverse the suppressive
function of T, in animal models of several autoimmune
and inflammatory diseases, especially atherosclerosis
[15,32,33,66]. In this study, in addition to a significant
increase in TGF-B-producing T, a noticeable up-
regulation of IL-10-secreting Trl cells was also observed in
HSP60-treated mice. It remains
whether anti-IL-10 antibody treatment abrogates the sup-
pressive effect of T,,,. We therefore performed a neutraliz-
ing anti-IL-10 antibody study and found that anti-IL-10
antibody partly  abolished the
atherosclerotic effects of nasal HSP60. This result is in con-
cordance with several earlier studies describing that the
suppressive effect of Trl cell clones on CD4" T cells was
abrogated by neutralizing anti-IL-10 monoclonal antibod-
ies [67,68]. Although we did not rule out the possible bene-
ficial effect of nasal HSP60 on the humoral immune
response due to a lack of detection of HSP60-specific anti-
bodies, our study results support the possibility that nasal
HSP60 inhibits atherosclerosis through an enhanced cellu-
lar immune response, including the induction of several
types of T,es and the production of TGF-f and IL-10.

In conclusion, we demonstrated that nasal tolerance
induction to HSP60 inhibits early atherosclerotic lesion
formation by inducing CD4+"CD25"GARP™ Tregss Tr1 cells
and CD4"CD25"FoxP3" T, which produce large
amounts of TGF-B and IL-10. Although further work is
necessary to investigate the mechanism by which nasal

unknown, however,

treatment anti-
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HSP60 treatment increases Ti.qs and by which GARP regu-
lates the activation of TGF-@3, our results again confirm the
fact that the induction of T, by nasal tolerance induction

HSP60+anti-IL-10-Ab HSP60+rat IgG
(VI group) (VIl group)
(c) 450+
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Fig. 9. Anti-atherosclerotic effect is partly interleukin (IL)-10
dependent. (a,b) Representative photomicrographs of oil red O- and
haematoxylin-stained aortic root sections from the heat shock
protein (HSP)60™ anti-IL-10-antibody-treated group (VI, n=6) and
the HSP60™ rat immunoglobulin (Ig)G-treated group (VII, n=6).
(c) The data from two groups are shown: the half black regular
triangles represent animals from group VI and the half black
inverted triangles represent animals from group VII. A black bar
represents 200 pm. The horizontal bars represent the means.
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to HSP60 could serve as a promising therapeutic method
for treating atherosclerotic diseases.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Nasal heat shock protein (HSP)60 fails to inhibit
atherosclerotic lesion progression. (a—c) Representative
photomicrographs of oil red O- and haematoxylin-stained
aortic root sections from the control-treated group (III,

n==6), the HSP60-treated group (IV, n=6) and the
HSP60-treated enhancement group (V, n=6). (d) The
data from three groups are shown: the half black regular
triangles, the half black inverted triangles and the black
inverted triangles represent animals from groups III, IV
and V. A black bar represents 200 pm. The horizontal
bars represent the means.

Fig. S2. Effects of nasal heat shock protein (HSP)60 on
the suppressive function of CD4"CD25" glycoprotein A
repetitions predominant (GARP)" regulatory T cells
(Tregs)- CD47CD25"GARP' T, and CD4°CD25
"GARP™ T cells were isolated from spleens 14 days after
the final nasal HSP60 treatment. CD4"CD25"GARP™"
Tiegs from phosphate-buffered saline (PBS)-treated or
HSP60-treated mice were co-cultured with CD4"
CD25"GARP™ T cells at different ratios in the presence of
soluble anti-CD3-antibody and anti-CD28-antibody. Cell
proliferation was assessed using the MTT assay. The rate
of cell proliferation was calculated as follows: cell prolifer-
ation rate = (A value in test group — A value in normal
control group)/A value in normal control group X 100%.
The data are representative of at least three independent
experiments.

Table S1. Apolipoprotein E (ApoE) '~ mice were nasally
administered phosphate-buffered saline (PBS) or heat
shock protein (HSP)60, as described in the Methods sec-
tion. The data are expressed as the mean =* standard error
of the mean (s.e.m.).
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